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These results indicate that new QC cells were re-specified from provascular cells following We found that genome editing correlates strongly with Cas9p expression ( Supplementary Fig. 4, 5) . The expression level, the timing of induction and the expression region of Cas9-tagRFP determined 1 1 2 editing performance in independent transformants. In addition, analysis showed that the editing 1 1 3 capability of the IGE system is stably transmitted to the T2 generation ( Supplementary Fig. 6 ). To test whether the IGE system can edit other loci, we targeted a key gene encoding a cell cycle 1 1 5 regulator, RETINOBLASTOMA-RELATED (RBR) 7, 18 . The RBR null allele is gametophyte-lethal 18 . Previous conditional knockdowns and clonal deletion experiments have shown that RBR has a role 1 1 7 in restricting stem cell division in the RM 6, 7, 19 . RBR-IGE constructs were transformed into a (amiGORBR) 19 . After one day of induction, we observed loss of YFP specifically in the respective 1 2 0 promoter domains (Fig. 2c ). Three days of induction led to cell overproliferation in the QC, LRC 1 2 1 and endodermis, recapitulating the reported phenotype 6, 7, 19 (Fig. 2d ). When inducing Cas9p-tagRFP, we found that ip35S was not expressed ubiquitously but instead 1 2 3 preferentially in the root cap and sometimes in the epidermis or stele ( Fig. 2a and Supplementary 1 2 4 Fig. 4 ). This pattern matches the domain of reduced RBR-YFP ( Supplementary Fig. 7b ) and PLT2-1 2 5 3xYFP expression ( Fig. 1e and Supplementary Fig. 4 ) after a 1-day induction. After long-term 1 2 6 induction of ip35S or ipWER, PLT2-3xYFP expression decreased outside the promoter-active 1 2 7 region, in contrast to the effect on RBR (Fig. 1e, Fig. 2b, 2d and Supplementary Fig. 7c ). These results suggest that loss of PLT2 in the epidermis and LRC leads to endogenous, non-cell-1 2 9 autonomous, negative feedback regulation of PLT2 expression in the rest of the RM, leading to 1 3 0 differentiation. In addition, our results confirm the reported cell-autonomous function of RBR 6 . To further demonstrate the wide applicability of the IGE system, we selected GNOM as a target. GNOM encodes a brefeldin A (BFA) sensitive ARF guanine-nucleotide exchange factor (ARF-GEF) 1 3 3 that plays essential roles in endosomal structural integrity and trafficking 20 . GNOM has been 1 3 4 implicated in polar localization of auxin efflux carrier (PINs), but previous studies relied on high-1 3 5 concentration BFA treatments or on hypomorphic alleles 21,22 because the null allele displays severe 1 3 6 overall defects 23, 24 . To test the response of PIN1 to the loss of GNOM, we made a construct using 1 3 7 the ipWOL promoter to target GNOM in the vasculature and transformed it into both GN-GFP 20 and 1 3 8 PIN1-GFP 25 backgrounds. Following GN-GFP signal disappearance, most transformants displayed 1 3 9 short roots, agravitropic growth and reduced lateral root formation 10 days after germination on 1 4 0 induction plates ( Supplementary Fig. 8, 9 ), a similar phenotype to the gnom mutant 23 . We then 1 4 1 focused on PIN1 localization. Following 3 days of induction, PIN1 lost basal polarity and its 1 4 2 expression was strongly inhibited ( Supplementary Fig. 9 ), confirming the role of GNOM in driving When inducing editing of PLT2, RBR or GNOM with ip35S or ipWOL, we observed cell death in 1 4 5 the proximal stem cells of the RM, which have been shown to be sensitive to genotoxic stress 26 1 4 6 ( Supplementary Fig. 10a Next, we tested whether a single YFP-targeting IGE construct can be used to edit several different 1 5 1 YFP-containing complementing lines. When targeting fused YFP in gPLT2-3xYFP; plt1,2 and RBR-1 5 2 YFP; amiGORBR backgrounds, we found a strong reduction in YFP followed by characteristic 1 5 3 developmental defects ( Supplementary Fig. 11 ), similar to targeting PLT2 and RBR directly ( 2b, 2d). For example, in gPLT2-3xYFP; plt1,2, editing YFP in the QC caused QC differentiation, 1 5 5 though at a lower frequency than when PLT2 was targeted. Likewise, we observed LRC 1 5 6 overproliferation when targeting YFP in RBR-YFP; amiGORBR. However, unlike when RBR was 1 5 7 targeted, the YFP signal also decreased in the rest of the RM by an unknown mechanism 1 5 8 ( Supplementary Fig. 11c ). Many fluorescent-tagged lines complementing important genes are 1 5 9 available, so targeting reporter-encoding genes might represent a broadly applicable approach for 1 6 0 gene function studies. Furthermore, targeting exogenous reporter genes may have fewer off-target To compare the IGE system with artificial microRNAs (amiRNA) (Fig. 1b ), a popular gene 1 6 3 knockdown strategy 28,29 , we generated two amiRNAs targeting PLT2 in gPLT2-3xYFP; plt1,2. Induction of amiPLT2-1 by ip35S or ipWOX5 led to a reduction of YFP in a broader domain than 1 6 5 with PLT2-IGE ( Supplementary Fig. 12a ), indicating that IGE is more specific. This is likely due to 1 6 6 cell-to-cell movement of amiRNA, consistent with the findings that several microRNAs can move 4 . Additionally, the IGE-caused phenotype tended to be stronger. After a 3-day induction of 1 6 8 ip35S:amiPLT2-1, the YFP signal was decreased but still visible, and the RM remained undifferentiated after 10 days of induction ( Supplementary Fig. 12a and Supplementary Table 1 ).
7 0
Likewise, no QC differentiation was observed in ipWOX5:amiPLT2-1 lines ( Supplementary Fig.   1 7 1 12a). The RM of amiGORBR showed an overproliferation phenotype, but it was not as severe as in 1 7 2 8 RBR-IGE lines ( Supplementary Fig. 12b ). To investigate the effect of RBR downregulation in other 1 7 3 tissues, we analyzed the root vascular tissue during secondary growth. While amiGORBR failed to 1 7 4
show any defects in secondary tissue, RBR-IGE caused excessive cell divisions in the phloem and 1 7 5 periderm ( Supplementary Fig. 12b ), indicating a conserved role for RBR in limiting cell divisions 1 7 6 in different tissues. Interestingly, the proliferating clones were interspaced with slowly proliferating 1 7 7
WT clones, which further confirms the cell-autonomous function of RBR. In conclusion, we show that the IGE system can be used to disrupt target genes efficiently and precisely. Through spatiotemporal control of Cas9p expression, the system is well-suited to trace 1 8 0 early molecular and cellular changes before visible phenotypes appear. Since the estrogen inducible 1 8 1 system has been applied in various organs and plant species 12,30,31 , we expect the IGE system to be 1 8 2 broadly applicable for plant molecular biology. By using different Cas9 variants, the system can be To generate the p221z-Cas9p-t35s entry vector, first, Cas9p with two flanking nuclear localized 1 8 7 signal (NLS) coding sequence and a t35 terminator were amplified from vector 1 8 8 pYLCRISRPCas9P35S-B 10 with chimeric primers which contained the attB1/attB2 adaptor at the 5' 1 8 9 end and a 3' end complementary to NLS and t35s, respectively. The resultant PCR fragment was 1 9 0 gel-purified and then recombined with pDONR 221 following the instructions of the Gateway BP 1 9 1 Clonase II Enzyme mix (Invitrogen). Site-directed mutations were introduced to two nuclease domains of Cas9p, RuvC1 and HNH 1 9 3 (D10A, H840A) 32 , respectively, to generate dCas9. To achieve this, a partial Cas9p fragment (61-1 9 4 2582, starting from ATG) was amplified with primers containing the desired mutations. The 1 9 5 purified PCR fragment was then used as a mega-primer to amplify p221z-Cas9p-t35s. The resulting 1 9 6 PCR product was digested by methylation-specific endonuclease Dpn I to remove the parental DNA 1 9 7 template before transformation into competent E.coli DH5α cells. The presence of mutations in 1 9 8 p221z-dCas9p-t35s (Addgene ID: 118387) was verified by Sanger sequencing. To insert the tagRFP sequence between Cas9p and the 3' end of the NLS encoding sequence located 2 0 0 in p221z-Cas9p-t35s, tagRFP was first amplified from the entry vector p2R3a-tagRFP-OcsT 11 with 2 0 1 chimeric primers consisting of a 3' end of tagRFP-specific oligonucleotides and a 5' end of 2 0 2 Cas9p/NLS-specific oligonucleotides complementary to the flanking sequence at the insertion point. To facilitate ligation of the sgRNA expression cassette (pAtU3/6-sgRNA) into a Gateway entry 2 0 8 vector, the negative selection marker, a ccdB expression cassette flanked by two Bsa I sites, was 2 0 9 amplified from pYLCRISPRCas9P35S-B 10 with primers containing attB2/attB3 adaptors. After a BP 2 1 0 reaction with pDONR P2R-P3z, the reaction mixture was transformed into the ccdB-tolerant E.coli 2 1 1 strain DB3.1. Colony PCR was performed to screen for positive colonies which had been 2 1 2 transformed with recombined plasmids but not the empty pDONR-P2R-P3z. The presence of the 2 1 3 p2R3z-Bsa I-ccdB-Bsa I entry vector was then further confirmed by enzyme digestion and Sanger 2 1 4 sequencing. The sgRNA expression cassettes were obtained as previously described 10 . Briefly, the first round of 2 1 6 PCR amplified AtU3/6 promoters from template vectors, pYLsgRNA-AtU3b (Addgene ID: 66198), pYLsgRNA-AtU3d (Addgene ID: 66200), pYLsgRNA-AtU6-1 (Addgene ID: 66202) or pYLsgRNA-
AtU6-29 (Addgene ID: 66203), using a common forward primer, U-F, and reverse chimeric primer 2 1 9 U3/6 T#-which contains an AtU3/6-specific sequence at the 3' end and a target sequence at the 5' 2 2 0 end. All sgRNA scaffolds were amplified from pYLsgRNA-AtU3b with a common reverse primer, 2 2 1 1 0 gR-R, and chimeric forward primer gRT #+, which includes the sgRNA specific sequence at the 3' 2 2 2 end and the target sequence at the 5' end. In the second round of PCR, purified first-round PCR 2 2 3 products were used as templates for overlapping PCR with Bsa I-containing primers Pps/Pgs as 2 2 4 primer pairs. In this study, four sgRNAs (sgRNA1-sgRNA4) transcribed under promoters AtU3b, 2 2 5
AtU3d, AtU6-1, and AtU6-29, respectively, were used to target genes of interest. For each target 2 2 6 gene, four relatively equally distributed target sites were manually selected by following rules To generate the p221z-AtMIR390a entry vector (Fig. 1b ), a BP reaction was performed with and amiPLT2-2) were designed using http://p-sams.carringtonlab.org/. Annealed amiPLT2 was 2 4 0 ligated into p221z-AtMIR390a by a one-step reaction as previously described 28 .
4 1
Tandem arrayed tRNA-sgRNA units have been exploited for multiplex genome editing by using the 2 4 2 endogenous tRNA processing machinery 34 , which precisely cuts tRNA precursors at both ends and 2 4 3 releases free sgRNA after transcription. This strategy has been applied in a variety of plant 2 4 4 species 34, 35 . However, to date there are few reports of its application in Arabidopsis. We therefore 2 4 5 investigated its feasibility in Arabidopsis genome editing and meanwhile tested its compatibility 2 4 6 1 1 with our IGE system. To facilitate target sequence ligation, we first constructed a p2R3z-AtU3b-2 4 7 tRNA-ccdB-sgRNA entry vector (Fig. 1b) . AtU3b, tRNA-1, tRNA-2 (tRNA was amplified in two 2 4 8 separate fragments), the ccdB expression cassette (flanked by Bsa I), and the sgRNA scaffold were 2 into the digested vector. The first fragment contained a ccdB cassette and recombination sites for and ATACCTACATACACTTGAAGGGTACCCGGGGATCCTCTAGAGGG as a reverse primer. The second fragment contained the FastRed module, consisting of the OLE1 promoter followed by We also provide another non-destructive fluorescent screening vector, the green seed coat vector ATCTATGTTACTAGATCACTTGTACAGCTCGTCCATGCC as a reverse primer; the third 2 9 1 fragment contained the nosT terminator sequence and was amplified from the p1R4-ML:XVE 2 9 2 vector 11 using TCTAGTAACATAGATGACACCGCGCG as a forward primer and 2 9 3
TTAACGCCGAATTGAATTCGAGCTCCATCGTTCAAACAT as a reverse primer. All three 2 9 4
fragments were combined together with the digested vector using In-Fusion HD Cloning. The five inducible promoters (p1R4-p35S:XVE, p1R4-pSCR:XVE, p1R4-pWER:XVE, p1R4-2 9 6 pWOL:XVE) were created earlier 11 . To construct the binary vector, a MultiSite Gateway LR reaction 2 9 7
was performed with the inducible promoters in the 1 st box, Cas9p, dCas9p, Cas9p-tagRFP or 2 9 8 amiPLT2 in the 2 nd box, the sgRNA expression cassette or nosT terminator in the 3 rd box and the Col-0 background. All experiments were conducted using T1 plants unless stated otherwise. Each experiment has been repeated at least three times, except the RM differentiation 3 1 2 characterization in Supplementary Table 1 , which was repeated twice. All seeds were surface-sterilized with 20% chlorine for 1 min, followed by a 1 min incubation in 3 1 5 70% ethanol and two rinses in H 2 O. The sterilized seeds were kept at 4°C for two days before used. There were no detectable truncated bands in 7-day old gPLT2 3xYFP;plt1,2, while weak was not directly used for sequencing but cloned into pDONR 221. Two deletion types were found in 4 1 7 4 sequenced recombinant vectors. For each construct, the indicated sgRNA promoter was used to drive transcription of sgRNA1, under the AtU3b promoter also resulted in efficient PLT2 editing. WT is the 7-day old gPLT2- Numbers indicate the frequency of similar results in the independent T1 samples analyzed. Scale was classified into two categories. In the mild category, Cas9p-tagRFP expression tends to be weak 4 3 0 and narrow, resulting in narrow domains of moderately decreased YFP signal. In the strong 4 3 1 category, Cas9p-tagRFP expression was strong and broad, with strongly and broadly reduced YFP resulted in more excessive cell divisions in the LRC than was seen in amiGORBR roots 5 0 7
(germination and six days of growth on 17-β free plates). Furthermore, RBR editing caused cell Supplementary Table 2 Primer list in this study.
1 5
Underlined sequences indicate Gateway adaptors. Sequence in red represent the target sequence in 5 1 6 the gene. Supplementary Table 3 Constructs list in this study. gametophytic-and embryonic-lethal genes. Trends Plant Sci. 16, 336-345 (2011) . reveals tissue-specific response to auxin transport and its modulation of local auxin biosynthesis. J.
Exp. Bot. 65, 1165 Bot. 65, -1179 Bot. 65, (2014 . in Arabidopsis roots. Cell 123, 1337-1349 (2005) . Natl. Sci. Rev. 6, 421-437 (2019) . transformation. Trends Plant Sci. 7, 193-195 (2002) . Figure 2: The IGE system enables efficient cell-type-specific genome editing a, A one-day induction is sufficient to induce efficient cell-type specific PLT2 editing. In rare occasions, we observed overlapping Cas9p-tagRFP and PLT2-3xYFP expression (white arrowhead). b, PLT2 is cell-autonomously required for QC and stem cell maintenance. QC cells (red arrowheads) as well as endodermal and epidermal cells (white arrows) showed premature differentiation or cell expansion after 3 days of induction. QC differentiation is accompanied by shift of ipWOX5 expression towards the provascular cells. Removal of PLT2 from the ipWER expression domain also resulted in fewer LRC layers (white arrowhead) and ectopically decreased the PLT2-3xYFP expression. Cas9p-tagRFP expression in the LRC and epidermis was frequently undetectable. c, A one-day induction is sufficient to induce efficient cell-type specific RBR editing. Without induction, the QC frequently shows cell divisions, probably due to the heterogeneity of the complementing RBR-YFP. d, RBR cell-autonomously prevents QC and stem cell division. The endodermis, QC and LRC exhibited overproliferation after 3 days of induction. White arrowheads indicate rotated cell division planes in the endodermis. QC regions are marked by brackets in c and d. Cell walls are highlighted by calcofluor. The numbers represent the frequency of the observed phenotypes in independent T1 samples. Scale bars, 50 μm. Fig. 2 
